Introduction 29
According to the European Agency for Safety and Health at Work, the construction sector has 30 one of the worst occupational health and safety records in Europe [1] . In the original 15 31
European Union (EU) Member States alone, about 1,300 construction workers die every year, 32
another 800,000 are injured, and countless more suffer work-related ill health [2] . 33
In the United States, 751 deaths occurred on construction sites in 2010 [3] . This figure accounts 34
for about 17% of all fatal occupational injuries and is the fourth highest fatality rate for all U.S. 35
industries. A similar problem exists in Spain where the fatality rate on construction sites in 2011 36 was 11.2 fatalities per 100,000 workers [4] , with a total of 120 worker deaths. 37
Formwork is defined as a temporary structure whose purpose is to provide support and 38 containment for fresh concrete until it can support itself. It molds the concrete to the desired 39 shape and size, and controls its position and alignment [5] .Of all construction tasks, formwork 40
activities are associated with a high frequency of accidents and injuries. Huang and Hinze [6] 41 observed that 5.83% of falls were attributed to the construction of formwork or to the 42 Lopez-Arquillos, A; Rubio-Romero, JC; Gibb, AGF; Gambatese, JA (2014) Safety risk assessment for vertical concrete formwork activities in civil engineering construction, Work: A Journal of Prevention, Assessment & Rehabilitation, 49:2, 183-192, ISSN 1051-9815, DOI 10.3233/WOR-131724 2 construction of temporary structures and approximately 21% of all accidents involved wood 43 framing or formwork construction. Many studies on construction safety are focused on topics 44 such as contributing factors in construction accidents [7] or the impact of the different variables 45 on the severity of the accidents [8, 9, 10, 11, 12, 13, 14, 15] . Research studies have tried to quantify 46 the safety risks of large-scale processes, such as underground construction projects [16] or 47
buildings [17] . However, only one study was found in which the authors actually quantified the 48 relative health and safety risks of specific construction tasks [18] . The objective of the latter 49 study was to quantify the comprehensive health and safety risk at the activity level for a 50 common construction process, such as formwork activities, using the Delphi method. 51
The aim of the present study is to quantify the health and safety risks in different vertical 52 formwork activities in civil engineering construction using the binary method and the 53 methodology of staticized groups. 54 55
Methodology 56
To achieve the study aim, the researchers used two different methodologies. A general research 57 methodology was used to define the study´s structure and a specific methodology inside this 58 structure was used as a tool to elaborate the safety risk assessment. 59
With regard to the specific methodology, some authors have developed methods of risk 60 quantification with different levels of complexity and application. An example of this is a study 61
where ergonomic risks were analysed using ratings for each risk factor on a three-point scale 62
[ 
Once the method for risk quantification was defined, the next step was to define a suitable 71 research strategy to accomplish our specific goal. 72
According to a previous civil construction research [ is the main reason why the present study was carried out using the method of staticized groups. 95 96
Panel Members 97
As in the Delphi procedure, in the staticized group approach the selection of experts is a very 98 important factor in determining the quality of the study. Hallowell and Gambatese [23] maintain 99 that the level of expertise is the most important facet in a panel member and propose guidelines 100 for a flexible point system for the selection of an expert panel member. A suitable adaptation of 101 the suggested point system to the specific goals of our research project resulted in the 102 requirements listed in Table 1 . 103
TABLE 1 104
The authors contacted 15 construction companies and 10 universities. After a review of the 105 background and availability of the possible candidates, 12 experts were selected from 7 large 106 high profile companies from the engineering construction sector, and from 5 Schools of 107
Engineering. In addition to the flexible point system requirements, only one expert per company 108 or per University was selected in order to ensure diversity in the origin of the experts. 109
According to the guidelines proposed by Hallowell and Gambatese [23] , all members of the 110 panel met the minimum level of requirements. As can be seen in Table 2 , all of the panellists 111 scored a total of at least 17 points and in at least four different achievement or experience 112
categories. Four other professionals were selected as panel members, but they did not complete 113 the survey and so were excluded from the final list of panel members and also from the results 114
shown in Table 2 . 115
TABLE 2 116
The qualifications of the selected members of the staticized groups are as follows. opinion, this is the most valuable requirement for our research, because it shows that the 120 person has completed specific courses on occupational health and safety and, therefore, 121 that he or she has the expertise to evaluate risks in the activities under study.
122
-Every member has a technical Bachelor's or Master's degree. Formwork activities in 123 construction have a very important technical profile. Consequently, this requirement is 124 considered highly relevant because previous training in technical issues is necessary to 125 be able to form an accurate evaluation.
126
-Between them, the panellists have 94 years of experience in the construction sector. 127
Experience is another extremely relevant requirement.
128
-Four of the panellists have contributed to 24 books related to construction safety and 129 health or risk management. 130 131
Study Design 132
A web-survey used for collecting the expert responses was developed on a specialized site and 133
was made available to the experts. Experts had access to the survey only by using a password 134
supplied by the researchers. The web-survey expired after the collection of data in the above 135 mentioned period of time. In order to improve the quality of the study, certain strategies for study design and the 138 elimination of bias were adopted. For example: 139 -The order of the questions and the order of the potential safety risk in the survey were 140 randomized for each panel member to reduce the contrast effect and the primacy effect.
141
-Independent frequency and severity rates were implemented.
142
-The anonymity of each expert was ensured. 143 144
Survey Content 145
Following the guidelines of Hallowell and Gambatese [18], experts were provided with the 146 incident classification descriptions (Table 3 ) and the formwork construction activity 147
descriptions (Table 4 ). In line with the above, the selected incidents or health and safety risk 148
classification were based on the Occupational Safety & Health Administration, Bureau of 149
Labour Statistics, and Hinze accident classification systems [31] . 150
The panellists were asked to provide their opinion on frequency rates and severity levels using 151 the frequency and severity scales provided previously ( 
Results and Discussion 157
Although consensus is not a requirement for the methodology of staticized groups, it was also 158 calculated in order to compare the results with the Delphi approach (Table 7) . 159
TABLE 7 160
To measure the variation in the responses, the absolute deviation was calculated using the 161 following equation: 162
Average Deviation from Median = Average (Median j -Value ij)(2) 163
After calculating the absolute deviation from the median, and accepting that consensus is 164 achieved with a value less than1/10 of the possible value for the quantitative study developed, 165
the target consensus was found to be achieved in this case. 166 Table 8 shows the quantified risk when all formwork activities are included by the following 167 methods. First, the frequency ratings chosen by the expert from a range of values from activity is one of the most dangerous. They studied formwork activities following a more 210 general approach, that is, without concentrating on vertical civil works. To improve the safety 211 records at work in this activity, we must make a more accurate risk assessment. 212
Regarding the health and safety risk values included in Table 10, the highest risk scores were  213 obtained by fall to a lower level (0.5247 S/w-h), cutting (0.0591 S/w-h) and overexertion 214 (0.0079 S/w-h). The lowest risk scores correspond to fall on the same level (0.0001 S/w-h), 215 exposure to harmful substances (0.0000 S/w-h) and others (0.0000 S/w-h). The health and 216 safety risks studied had previously been addressed by many papers on construction activities 217
[18,19,37,38,39,40,41]. The results provided here on specific vertical formwork safety risks are 218 in line with the results of other general studies on the same issue. 219
Given their fatal consequences, falls to a lower level in the construction industry have been 220 extensively studied by many authors [35, 36, 37, 38, 39] . Although these authors studied falls in 221 the construction industry, their research was not focused on falls related to a formwork task. The 222 most relevant work on falls and formwork is the study carried out by Adam, Pallarés, and 223
Calderon [41] . In this study, falls from a height during floor slab formwork of buildings are 224 dealt with specifically. They compared the fall protection systems commonly used during floor 225 slab formwork construction in buildings and concluded that the suitability of the different 226 systems depends greatly on the willingness of the workers to use the systems. This fact should 227 be taken into account when making the choice. Hallowell and Gambatese [18] found that falls to 228 a lower level is a very important risk, but this result was obtained without distinguishing 229 between the two types of formwork (vertical or horizontal).Unfortunately, no literature about 230
the risk of falls in vertical formwork in civil engineering is available. In a similar way to the 231 studied activities, fall to lower levels accumulated almost 88% of the total risk score. Therefore 232 concentration on this aspect of the work will produce the greatest improvement in health and 233 safety performance. Overexertion injury is the single largest category of injuries in construction work. They account 236
for about 24% of all injuries [19] . Everett's analysis shows that virtually all construction 237
activities have moderate-to-high ratings for at least one risk factor, and thereby place craft 238 workers at increased risk for overexertion injuries and disorders. 239 240
The authors of this paper have found no articles on the safety risk involved in formwork cutting 241
activities. 242
To sum up, although there are several research papers on common health and safety issues in 243 construction work, there is still a significant shortage of specific investigations on some of the 244 activities and risks relating to tasks such as formwork erection dealt with in this paper. 245 246
4.Conclusions 247
The results of this study can be used as an important tool for making a risk assessment when a 248 vertical formwork task is scheduled. Each construction project involves specific health and 249 safety issues because each has different circumstances and environment. However, the general 250 health and safety topics described in this research can be addressed effectively on each project. 251
As for preventive measures, resources are always limited and must be managed efficiently.
252
Construction practitioners must first identify the most dangerous activities and their safety risks.
253
This is the first step for prioritizing preventive measures according to a suitable scale of needs. 254
The 
If the exposure is high but the unit risk is low, then the total risk may be high relative to the 266 other activities. Similarly, if the exposure is low, but the unit risk is high, then the total risk may 267
be low compared to the other activities. In spite of this fact, unit risk is a very important tool to 268 quantify health and safety needs. 269
The results allow us to compare risk values between different activities, and valuate them in 270 order to prioritize preventive resources. However, as a relative subjective scale, it cannot be said 271 that greater than a specific value the risk is major and under this value the risk is minor. 272 273
Impact on the Industry 274
The conclusions from this research can be used by construction companies in several ways.
275
Health and Safety managers and supervisors can improve associated risks with specific 276
activities, especially with plumb/level forms activities and risks of falls to lower levels. Project Ascend /descend ladder 2.73 · 10 -8 1.86· 10 -2 1.45· 10 -7 2.91· 10 -6 2.91·10 -5 2.91· 10 -7 2.91·10 -5 5.82· 10 -7 2.91·10 -5 1.00· 10 -8
Lift /lower materials 1.50· 10 -8 1.86· 10 -4 2.91· 10 -6 1.45·10 -5 2.91·10 -5 7.27· 10 -8 1.45·10 -5 1.16E-03 7.27· 10 -6 1.00· 10 -8 Nail/screw/drill 2.00· 10 -8 4.65· 10 -3 1.45· 10 -6 5.82· 10 -4 2.91· 10 -3 3.20 ·10 -7 1.45·10 -5 5.82· 10 -6 1.45· 10 -3 1.00· 10 -8
Hammer materials 1.50· 10 -8 4.65· 10 -4 2.91· 10 -6 2.91· 10 -4 2.91· 10 -4 3.20· 10 -7 1.45·10 -4 5.82· 10 -6 1.45· 10 -3 1.00· 10 -8
Crane materials and motorized transport 1.50· 10 -8 1.86· 10 -2 2.91·10 -5 2.91·10 -5 7.27· 10 -8 5.82· 10 -4 7.27· 10 -8 1.16· 10 -4 7.27· 10 -7 1.00· 10 -8
Cut materials 1.00· 10 -8 1.16· 10 -5 2.91· 10 -6 5.82· 10 -2 2.91· 10 -4 3.20· 10 -7 1.45 10 -6 2.91· 10 -7 7.27· 10 -7 1.00· 10 -8
Inspect/plan 1.00· 10 -8 1.86· 10 -4 1.45· 10 -6 2.00· 10 -8 3.64· 10 -8 2.91· 10 -7 7.27·10 -7 4.00· 10 -8 7.27· 10 -8 1.00· 10 -8
Manual transport 1.00· 10 -8 4.65· 10 -4 7.27· 10 -8 2.91· 10 -7 2.91· 10 -3 5.82· 10 -7 2.91·10 -5 2.91· 10 -7 2.91· 10 -4 1.00· 10 -8
Static lift 1.00· 10 -8 1.86 ·10 -5 7.27· 10 -8 2.91·10 -5 2.91· 10 -4 1.45· 10 -7 1.45·10 -5 2.91· 10 -7 2.91· 10 -4 1.00· 10 -8
Plumb/level forms 1.82· 10 -8 4.77· 10 -1 2.91· 10 -7 2.91· 10 -6 5.82· 10 -4 5.82· 10 -6 1.45·10 -5 5.82· 10 -7 2.91· 10 -6 1.00· 10 -8 Excavation 1.00· 10 -8 4.65· 10 -3 5.82· 10 -6 1.45· 10 -7 2.91· 10 -6 2.91· 10 -6 1.45·10 -6 2.33· 10 -5 7.27· 10 -7 1.00· 10 -8 Lubrication/prep aration 3.64· 10 -8 1.86· 10 -4 2.91· 10 -6 2.91· 10 -6 5.82· 10 -4 5.82· 10 -6 1.45·10 -5 1.16· 10 -6 2.91·10 -5 1. 
